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Abstract

:

Rainfall extremes can cause a significant loss of lives and economic losses in Nigeria. This study aims to investigate the trends of summer rainfall extremes over Nigeria with daily station datasets from 1975 to 2013. Using the rainfall extreme indices recommended by the Expert Team on Climate Change Detection Monitoring Indices (ETCCDMI), it is found that regionally averaged summer total wet-day rainfall amount (PRCPTOT), maximum consecutive 5-day rainfall amount (RX5day), and wet-day rainfall intensity (SDII) have increased in the three climatic regions of Nigeria namely Guinea coast, Sub-Sahel, and the Sahel regions. Meanwhile, heavy rainfall days (R20mm) increased significantly over the Guinea coast and sub-Sahel regions, while the wet-day frequency (RR1) only increased slightly. The increase in PRCPTOT over the two regions is mainly resulting from the increasing intensity and frequency of rainfall extremes. However, the Nigerian Sahel is characterized by a decreasing wet-day frequency, which demonstrates that a large proportion of the increasing PRCPTOT in the region is more associated with intense rainfall than its frequency. These characteristic increasing trends of rainfall extremes may explain the frequent flood events over Nigeria and as such this study may give guidance to stakeholders on how best to cope with it in the future.
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1. Introduction


Climate change is characterized by the increasing global mean surface temperature which is known to have increased by 0.85 °C during 1880–2012 [1]. Recent studies have reported an increase in high-temperature extremes over Nigeria [2,3,4], however, considerable uncertainty remains concerning the changes in rainfall extremes in response to global warming. Arguably, in a warming climate, saturation vapor pressure will increase exponentially with atmospheric temperature according to the Clausius–Clapeyron relationship [5,6]. This increase in atmospheric water vapor, in turn, will invigorate rainstorms and produce heavier than normal precipitation [7,8]. Consequently, average summer rainfall has increased in many land areas in Africa [7,9], which is evident in the recent increase in extreme rainfall events observed over West Africa [3,10,11,12] and has caused unprecedented loss of lives as well as a tremendous increase in economic losses over entire Sub-Saharan Africa [9]. In the 2012 summer season alone, Nigeria experienced a devastating flood disaster that affected about twenty-seven states of the federation, causing the deaths of over four hundred persons and displaced over two million people from their homes with an estimated economic loss of about 11.5 billion USD. The frequency of occurrence of flood events has brought to fore the need to analyze the changes of extreme rainfall events, in terms of frequency and intensity of the events, as the perception of the effect of floods is growing [13,14].



To facilitate the investigation of rainfall extremes, the Expert Team on Climate Change Detection and Monitoring Indices (ETCCDMI) defined a set of extreme climate indices [15,16]. Several studies have used the recommended extreme rainfall indices to examine the variability and changes of rainfall extremes in many parts of the globe [12,17,18,19] in both observational [11,19,20,21,22] and numerical model [23,24,25] studies. However, few studies have examined variability and trends of extreme rainfall over Nigeria [3,12,22,26,27] using these indices. These studies evaluated the annual rainfall extremes over the country, For example, Gbode et al. [3] found a significant increase in annual total rainfall in some stations across the Guinea Coast and Sahel regions, which is consistent with the findings in Akinsanola and Ogunjobi [27] and suggests that the increasing annual total rainfall is perhaps resulting from a significant increase in extremely wet days across the country [3]. Using a limited number of stations in Nigeria, New et al. [12] demonstrated that daily rainfall intensity, maximum annual 1-day rainfall amount, and dry spell duration increased significantly during the 1961–2000 period. Similarly, Gbode et al. [26] reported a slight increase in annual total rainfall and a decrease in the maximum number of consecutive wet days in Kano. Relatedly, Bichet and Diedhiou [22] found less frequent and more intense rainfall along the coast of West Africa during the April–June and September–November seasons, consistent with the findings for other regions in Africa [10,28,29]. Notably, summer rainfall accounts for 75% of annual total rainfall over Nigeria [30,31]. However, the studies mentioned earlier focused on the annual mean rainfall extremes or seasons other than the summer period. It is therefore imperative to investigate the trends and variations of summer rainfall extremes over the country using widespread station data to gain insight into the characteristics of summer rainfall extremes across the climate regions of Nigeria.



Nonetheless, the seasonality and annual total rainfall amount in Nigeria varies across latitude [30,32], as such, three distinct climate regions are identified [3,33]. Variations in rainfall trends have been reported in these climate regions [3,32,33]. However, previous studies that investigated rainfall extremes have placed little emphasis on the regional differences of the trends in summer rainfall extremes. More so, the frequency and intensity have generally received less attention. Consequently, this study will focus on the spatiotemporal trends in summer rainfall extreme for the sixteen stations covering the three climatic zones in Nigeria during the 1975–2013 period, as well as the regional difference in trends of rainfall extremes and its frequency and intensity. This will be useful for exploring the impact of changing climate on extreme rainfall events over Nigeria for better adaptation and mitigation strategy. The rest of the paper is organized in the following sections: Section 2 introduces the study area, data, and rainfall extreme indices as well as the methodology. Characteristics of different aspects of summer rainfall extremes over Nigeria is described in Section 3. The paper ends with concluding remarks in Section 4.




2. Study Area, Data, and Analytical Methods


Nigeria is located in the West African region between latitudes 4 °N–14 °N and longitudes 3° E–15° E, which has a total area of about 925,796 km2 (Figure 1). The Climate is governed by West African monsoon circulation with moisture from the Gulf of Guinea in the low levels of the atmosphere, bringing the Inter-Tropical Convergence Zone (ITCZ) and the associated rainfall northwards [34,35]. Rainfall variability in West Africa and indeed Nigeria is associated with complex interactions between atmosphere and land-surface, and ocean teleconnections [36,37]. The onset of the monsoon system over West Africa is linked to the northward migration of the ITCZ during the spring and summer season [35]. The northward movement of the ITCZ classifies Nigeria into three climatic regions which cover the north, middle and southern areas of the country, i.e., the Sahel (10°–15° N), Sub-Sahel (8°–10° N), and the Guinea (4°–8° N) zones. Rainfall commences approximately in March/April over the southern coastal regions, spreads through the middle zone in May/June, and reaches the northern region in August and September [32], and retreats afterward, as such the summer rainfall maxima are observed during June–September.



Time series of daily rainfall distributed evenly from January 1975 to December 2013 acquired from sixteen weather stations by the Nigerian Meteorological Agency (NIMET) were used in the analysis. With the 39-year data length of daily average rainfall values, it is possible to establish the seasonal cycle and long-term trends and other characteristics of rainfall extremes. The NIMET data has been employed to perform some studies [3,26,38] and so forth. To investigate the rainfall extremes variations over the three climate regions of Nigeria, the daily rainfall data were subjected to quality control and homogeneity assessment using the approach proposed by Wang et al. [39] and adopted in Dike et al. [38]. Stations with inhomogeneity, discontinuities, and missing data ≥ 30% were not used for the analysis. Based on the daily rainfall time series, the frequency, intensity, and duration of rainfall extremes were calculated based on six extreme rainfall indices (see, Table 1) which were selected from a suite of extreme climate indices as proposed by the Expert Team on Climate Change Detection Monitoring Indices [15,16]. These indices have been widely used for investigating the variation and changes in climate extremes [4,12,17,19,22,27,38,40]. The daily rainfall station datasets for the regions were used to calculate the indices. As shown in Figure 1, eleven stations fall within the Guinea Coast region, one station for the Sub-Sahel region and four for the Nigerian Sahel.



The trends in the rainfall extremes were computed using Theil–Sen estimator [41] and tested for statistical significance based on the non-parametric Mann–Kendall rank test [42,43]. This is a standard procedure for examining monotonic trends in climate data and it is widely applied because of its robustness [4,32,44]. The test of significance was conducted at 90% confidence levels. A positive value of Theil–Sen slope indicates an increasing trend, while a negative value indicates a decreasing trend. In this study, except for dry spell (CDD), positive (increasing) trends indicate wetter conditions, whereas negative (decreasing) trends suggest drier conditions.




3. Results and Discussion


3.1. Seasonality of Rainfall Extremes over Nigeria


Figure 2 presents the mean seasonal cycle of extreme rainfall indices for the Guinea Coast and Sub-Sahel regions during the (1975–2013) period. The lines show the evolution of rainfall extremes for the individual stations. The line labeled Guinea Coast shows the mean of extreme rainfall index averaged from all the stations within the Guinea Coast while the line labeled Sub-Sahel (Bida) is for the Sub-Sahel region. In the regions, the rainy season starts around March–April with the first peak in June–July and second peak in September while August corresponds to the mid-summer monsoon low known as “August-break” in the region [45,46]. The onset of the rainy season corresponds to the period when the Intertropical Convergence Zone begins its northward migrations [35]. The June–July peak coincides with the period when the ITCZ is located at latitude 5° N [47]. The abrupt shift of ITCZ from 5° N to 10° N corresponds to the decrease of rainfall over the Guinea Coast in August known as “August-break” [45,46,48]. The southward retreat of the ITCZ in September is associated with the second peak over the region.



As shown in Figure 2, the indices of extreme rainfall follow the seasonal march of monsoon rainfall over the region and help to identify extreme rainfall minima and maxima. Figure 2a illustrates that during the summer season, most of the stations in the region recorded a large amount of PRCPTOT. For instance, the figure suggests that total wet-day rainfall maxima of about 550 mm/month are recorded in Calabar, and minima of 150 mm/month is seen over Awka in July. Similarly, during the second peak, about 470 mm/month total wet-day rainfall amount is observed in Calabar while Ibadan recorded the least ~150 mm/month. Furthermore, the seasonal cycle averaged over the entire region also depicts the well-known bimodal rainfall pattern within the June–July–August–September (JJAS) months. This pattern is a similitude to the observed pattern in Bida, the only Sub-Sahel location considered in this study.



The seasonal cycle of RR1 clearly shows the monthly distribution of wet-day frequency over the Guinea Coast. The double-peak structure found in PRCPTOT is evident in RR1, RX5day, R20mm, and SDII, except in CDD. Figure 2b suggests that Calabar experienced the highest number of wet-days of about 23 days/month during the summer season, particularly in July. In contracts, the average number of wet-days for the region is 17 days/month. This perhaps explains the high amount of monthly total rainfall in the stations, as such the intense rainfall extreme can be linked to the frequency of the extremes.



Furthermore, we show in Figure 2c the seasonal cycle of maximum consecutive 5-day rainfall for the Guinea Coast region and it suggests a high amount of RX5day over the region during the summer season. As the number of rainy days is relatively high intense rainfall is at is maxima. It further suggests that the flood events ravaging the region are perhaps associated with frequent and intense rainfall extremes in the region. We further show in Figure 2d that number of heavy rainfall days follows a similar pattern varying from 4 days in July to 5 days in September. This indicates that the occurrence of torrential rainfall of high magnitude is prevailing over the region.



To strengthen the point earlier made on the occurrence of intense rainfall extremes, we demonstrate in Figure 2e that wet-day intensity starts from the onset of rainy days in the region (March–April through September–October), mimicking the bimodal structure of summer rainfall in the region. Notably, the PRCPTOT, RR1, RX5day, R20mm, and SDII contribute substantially to the bimodal structure of the seasonal cycle of rainfall in the region. Interestingly, Fotso-Nguemo et al. [24] found the similar pattern for the central African region. As evident in Figure 2f, the seasonal cycle of dry spell shows that the high magnitude of a dry spell is only prevalent between October and March, with maximum dry days in February corresponding to the peak of the dry season in the region. Most of the observed extreme rainfall over the Guinea Coast is similar to that at Bida (the Sub-Sahel station) [49], but with lower magnitude.



Next, we show in Figure 3 the mean seasonal cycle of rainfall extremes for the Nigerian Sahel region. As expected, the extremes are characterized by a singular-peak corresponding to when the ITCZ is at its northernmost location [35]. Notably, the August maxima over the Sahel correspond to the “little dry period” in mid-summer season over the Guinea Coast and Sub-Sahel regions. Figure 3a–d shows that PRCPTOT, RR1, RX5day, and R20mm follows the unimodal rainfall pattern in the Sahel region. Nonetheless, the Sahel region is known for the drought that ravaged the region in the 1970s/1980s [50,51]. Several studies have reported rainfall recovery in the region [11,51,52,53]. Our results show a high magnitude of monthly total rainfall extremes in the region. Bauchi recorded a higher amount of monthly total rainfall as compared to other stations in the region. Although few stations are considered over the Nigerian Sahel, there are also indications that the magnitude of rainfall extremes over the region is comparatively similar to the magnitude obtained for the Guinea Coast region. As such the average number of wet days in the region is about 15 days in August (Figure 3b). Consequently, RX5day reaches its maximum value of 100 mm in the same month.



Furthermore, the number of heavy rainfall (RR ≥ 20 mm) days is more than 5 days/month over the Nigerian Sahel region. It is found that the rainfall intensity of wet-days is as much as 22 mm/day in the region, and this suggests that wet-day intensity contributes largely to the total monthly rainfall extremes in the region (Figure 3e). However, dry spells are more prevalent during the pre-monsoon season, as less than 5 days dry spell is observed during the summer months. The results clearly show that a proportion of the rainfall extremes is observed during the summer months; as such, the rest of this study will focus on the trends of summer rainfall extremes.




3.2. Spatial Distribution of Trends of Summer Rainfall Extremes over Nigeria


In this section, we investigate the trends in summer rainfall extremes across Nigeria. The rate of change of the summer trends are estimated using the Theil–Sen slope and tested for statistical significance based on the Mann–Kendall rank test. Slopes with integers +1, 0, −1 are assigned to positive change, no change, and negative change respectively.



Figure 4 shows trends of summer total wet-day rainfall amounts (PRCPTOT) across the stations in Nigeria. It suggests that PRCPTOT has increased significantly in a large part of the country during the 1975–2013 period. As shown in Figure 4a, obvious positive trends are seen over the Guinea Coast region as well as in Maiduguri, in contrast, a non-significant decreasing trend is observed at Bauchi, Gusau, and Gombe stations. Notably, during the JJAS season, PRCPTOT increased significantly in Ikom, Ibadan, Ijebu-ode, Ikeja, and Maiduguri at the rate of 12 mm/decade, 18 mm/decade, 21 mm/decade, and 20 mm/decade, respectively, which is similar to the results reported in Gbode et al. [3] for the annual total wet-day rainfall amount. The trends in PRCPTOT for individual months within the boreal summer are shown in Figure 4b–e. Figure 4b reveals that PRCPTOT increased in almost all the stations except Calabar and Gombe, where there are non-significant decreasing trend. While in July, most of the stations in the Guinea Coast region recorded an increasing trend except in Ikom, where PRCPTOT decreased by (9.2 mm/decade). More so, PRCPTOT decreased in July, in most of the Sahel stations considered in this study.



Nonetheless, PRCPTOT increased with varying magnitudes in the stations in August as shown in Figure 4d. This is expected for the Sahel region, as Sanogo et al. [11] suggest a substantial recovery of rainfall and the associated extreme events in August. The increasing trends over the Guinea Coast are consistent with the reported breaking of the “August break” over the region [48]. In September, most of the stations show decreasing trends or no noticeable trend. However, few stations like Ikeja, Calabar, Ikom, Enugu, Iseyin, Bida, and Maiduguri show positive trends. Generally, it is illustrated that the increasing total wet-day rainfall amount recorded during the JJAS summer season is mostly contributed by the occurrence of the rainfall extremes in June, July, and August.



Figure 5 presents the trends in the frequency of wet-days (RR1) for JJAS and the individual months. Notably, Figure 5a shows that RR1 exhibited positive trends over the southwestern part of Nigeria, which indicates that during the JJAS summer season, the frequency of wet-days increased in the area. While it decreased significantly in Gombe and Bauchi at −1.0 days/decade and −0.58 days/decade respectively. In June, the RR1 trends are not homogenous in the stations as shown in Figure 5b. There is no notable trend in Gusau, Maiduguri, Bida, Ijebu-ode and Enugu, while RR1 increased in Gombe, Ikeja, Iseyin, and Ikom stations. The situation is not far-fetched in July as the distribution of the trends follows a similar pattern. However, RR1 increased in Maiduguri, Bida, and Calabar (Figure 5c). In August, most of the stations show no trend while it decreased in Gombe, Bauchi, Benin, Awka, and Asaba. The positive trends seen over Ikeja, Iseyin, and Ikom are not statistically significant (See Table 2 for more details). Furthermore, the frequency of wet-days shows no trend in most of the stations in September while it increased in few stations over the southwestern extremity in September. Generally, decreasing trends were observed in Asaba, Awka, Benin, and Calabar, but no trend can be found in Ibadan during the (JJAS) summer season. These trends suggest that rainfall extremes become less frequent recently in these stations. However, the increase in wet-day frequency observed in other stations suggests a more frequent extreme rainfall over the Guinea Coast region.



We show in Figure 6a that the maximum consecutive 5-day rainfall increased in most stations across the country with a notable increase in Iseyin, Ibadan, Ikom, and Maiduguri. The increasing trends are more prevalent in the southwestern and northeastern parts of Nigeria. This perhaps explains the recurrent flash floods in these areas. The increasing trend is also noticeable during the individual months within the summer season, as Figure 6b–e illustrates that a large proportion of the stations recorded increasing RX5day extremes. However, there are indications that the increasing RX5day trends are more pronounced in August over the Nigerian Sahel. This further suggests that flood events are mostly observed in August over the Nigerian Sahel region while there are flood tendencies in all the summer months over other regions.



Besides, it is clear in Figure 7a that during the summer season, the number of heavy rainfall days increased significantly in most of the southwestern stations, such as Ikeja, Ibadan, Ijebu-ode, and Benin. The increasing number of heavy rainfall days in summer in these stations are mainly contributed by the observed increasing trend in June, July, and September (see, Figure 7b–e). In August, these aforementioned stations show no noticeable trend, while it increased significantly in Maiduguri, Bida, and Calabar.



Nonetheless, we observed a remarkable increase in wet-day intensity extremes across Nigeria, especially in Ibadan, Ijebu-ode, Benin, Awka, Asaba, Gombe, Bauchi, and Maiduguri, while in Ikeja, and Ikom the trends are weak (Figure 8a). Across the individual months, it is observed that intense rainfall is generally stronger in August, June, and July, respectively (Figure 8b–e). Finally, we present in Figure 9 the inherent trends in consecutive dry days (CDD). Figure 9a shows that CDD increased significantly in Gusau, Bauchi, and Gombe while it increased slightly in Benin. Other stations show decreasing or no weak trends, consistent with the findings in Gbode et al. [3] for annual CDD. Figure 9b–e further suggests that most of the stations have a weak CDD trend, especially in August. Thus, the decreasing trends, especially over the Guinea Coast, demonstrates that wet-days were dominant in the region during the (1975–2013) period.




3.3. Variation of Summer Rainfall Extremes over Nigeria


To examine the temporal changes in summer rainfall extremes in Nigeria, we repeated the trend analysis for the JJAS time-series to highlight the variations in trends in different regions of Nigeria. Figure 10a reveals that PRCPTOT increased significantly by 11.61 mm/decade over the Guinea Coast region. Although, the magnitude of the trends varies at different stations as earlier discussed in the previous section and listed in Table 2 and Table 3. It is obvious that after the dry conditions that prevailed in the 1970s/early 1980s the PRCPTOT has increased progressively in the region, consistent with the results found between 5° N and 10° N [11,54]. In addition, Figure 10b suggests an increasing trend of 0.11 days/decade, implying frequent rainy days over the region. Furthermore, maximum consecutive 5-day rainfall increased significantly over the region by 3.64 mm/decade. This perhaps explains the inundations of the unprecedented magnitude seen over the region in the recent past, especially the 2012 flood events [14]. It is also clear in Figure 10d that heavy rainfall days increased significantly at the rate of 0.15 days/decade, which suggests that the region has gradually slid into the frequent occurrence of heavy rainfall events. Figure 10e shows the intensification of rainfall extremes over the region. Although there are indications that CDD decreased marginally, the foregoing demonstrates a more frequent and intense rainfall extremes over the Guinea Coast region. Indeed, it can be inferred that more frequent and more intense rainfall is prevalent over the Nigeria Guinea Coast region, contrary to the finding of Bichet and Diedhiou, [22] using gridded data. In Bida, the Sub-Sahel station, all the aspects of rainfall extremes considered in this study showed an increasing trend, apart from CDD with no obvious trends (see Figure 10a–f). More so, only positive trends in R20mm are statistically significant, which suggests that the count of the days when rainfall is greater than 20 mm/day is exceptionally on the increase, as such the dominance of heavy rainfall events in the region.



Over the Nigerian Sahel region, Figure 11a indicates that there is a marginal increase in PRCPTOT in the region. The dry conditions during the 1980s are evident after which the rainfall amount increased progressively in the region. There are also indications of dry conditions in the region as CDD increased slightly over the region which may affect the agrarian activities [3]. However, Figure 11b shows decreasing rainy days, which strengthens the point that less frequent rainy days were prevalent over Nigerian Sahel, especially between 2000 and 2013. Nonetheless, RX5day increased over the region by 2 mm/decade while the number of heavy rainfall days decreased slightly by −0.03 days/decade. Interestingly, Figure 11c further shows that RX5day was below normal in the 1980s, and increased above normal in the 1990s corresponding to the wet and dry decades as reported by [36] for the Sahel region. However, Figure 11e suggests the intensification of wet-day rainfall as SDII increased significantly at 0.96 mm/day/decade, consistent with the findings for other semi-arid regions [55]. The increasing trends are expected as previous studies like [26,29] have described similar features for other Sahel regions. Indeed, it is can be inferred that extreme rainfall events became more intense and less frequent from the 1990s as Figure 11b and e suggest, consistent with the reports of Bichet and Diedhiou [22] for some parts of West Africa. However, Bichet and Diedhiou [22] suggest that lack of trend in mean rainfall hides towards less frequent but more intense rainfall over the Gulf of Guinea for the April–May–June season. In agreement with this finding, our results suggest that trend in wet-day total rainfall amount is perhaps hidden in the less frequent but more intense rainfall over the Nigerian Sahel. This implies a slight recovery in rainfall amount after a persistent drought which ravaged the Nigerian Sahel region in the 1980s [11,51,52,53] and this is mostly a result of intensified rainfall, which could be related to the Trans-Atlantic-Pacific Ocean Dipole as described in Lin and Dike [56]. The study suggests that during the positive phase of the dipole, there are significant westerly anomalies over the tropical Atlantic Ocean, which drives anomalous water vapor convergence over West Africa, leading to enhanced precipitation in the region. As the prevalent flood events over the regions are associated with large-scale features that may be connected with the warming of the tropical Atlantic [9,57]. Besides, Li et al. [58] further indicated that the intensification of warm sea surface temperature over the Atlantic since the late 1990s is resultant to the significant increase in rainfall in the tropical region.



However, limitations should be noticed due to the sparseness of the rainfall data in some parts of Nigeria. This will perhaps lead to relative uncertainty in the results for the regions. Satellite rainfall data could be used for these regions after validation with available station data. Notably, this study mostly focused on the analysis of rainfall extremes based on the available station datasets, but the possible reasons for the observed extreme rainfall trends are yet to be quantified. Future studies could focus on a process-based analysis using the Coupled Model Intercomparison Project version 6 simulations to quantify the causal mechanism.





4. Conclusions


We have examined the variation of extreme rainfall for sixteen stations in Nigeria covering the 1975–2013 period. The annual cycle of the rainfall extremes exhibits a bimodal pattern that predominates the Guinea Coast and the Sub-Sahel regions. In these regions, the rainfall extremes are characterized by two peaks with the two peaks occurring during June–July and September. On the other hand, a unimodal pattern is found over the Nigerian Sahel with maximum wet-day rainfall amount in August. Generally, a large proportion of extremes occurred during the summer season. Indeed, some aspects of rainfall extreme have consistently increased in all the three climatic regions of Nigeria with varying degree of trends within the summer months. However, regionally averaged rainfall extremes show that the total wet-day rainfall amount, maximum consecutive 5-day rainfall, has increased significantly over Nigeria during the 39 years study period. The widespread increasing trends in total wet-day rainfall amount and maximum consecutive 5-day rainfall trends suggest spatial coherence of the rainfall extremes, consistent with the finding of [11,29]. Over the same period, we found that wet-day intensity increased consistently all over the country. Furthermore, as the wet-day intensity increased significantly over the Nigerian Sahel regions, the wet-day frequency decreased, amounting to less frequent rainy days. This is an indication that the increasing total wet-day rainfall amount is largely driven by increasing rainfall intensity than the frequency of rainfall events in the region. On the other hand, we observed that trend in the frequency of the wet-days (RR1) increase slightly over the Guinea Coast and the Sub-Sahel regions. The significant increase in wet-day intensity over the Guinea Coast and its environs is an indication that the increase in total rainfall amount is due to the intensity and frequency of rainfall in the region. Therefore, we infer that the intensification of rainfall extremes over the country is possibly the major cause of the recurrent flood events in Nigeria and the reports of irrigation dams exceeding their water carrying capacity in the Nigerian Sahel region.



In addition, the spatial coherence of the rainfall extreme may be associated with the large-scale atmospheric phenomenon identified in Lin and Dike [56]. Consequently, the implications of the observed increasing rainfall extremes are the risk of recurrent flood in Nigeria. As a large proportion of flood events are linked to extreme rainfall events [59], as such this study may give guidance to relevant stakeholders in their effort to design coping strategies to mitigate the impact of the recurrent flood events in Nigeria.
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Figure 1. The location of Nigeria and the distribution of weather stations, and elevations are colored based on a Digital Elevation Model. 
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Figure 2. Mean (1975–2013) seasonal cycle for (a) total wet-day rainfall amount (PRCPTOT), (b) wet-day frequency (RR1), (c) maximum consecutive 5-day rainfall amount (RX5day), (d) heavy rainfall (R20mm), (e) wet-day intensity (SDII), (f) dry spell (CDD). 
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Figure 3. Mean (1975–2013) seasonal cycle for (a) total wet-day rainfall amount (PRCPTOT), (b) wet-day frequency (RR1), (c) maximum consecutive 5-day rainfall amount (RX5day), (d) heavy rainfall (R20mm), (e) wet-day intensity (SDII), and (f) dry spell (CDD). 
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Figure 4. Trends of total wet day rainfall (PRCPTOT) (mm/decade) for (a) June–July–August–September (b) June (c) July, (d) August, and (e) September respectively. Upward-pointing triangles indicate positive Theil–Sen slopes, and downward-pointing triangles negative slopes. The filled red and blue triangles are statistically significant at the 90% confidence levels. 
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Figure 5. Trends of number of rainy days (RR1) (days/decade) over Nigeria for (a) June–July–August–September (b) June (c) July, (d) August, and (e) September respectively. Upward-pointing triangles indicate positive Theil–Sen slopes, and downward-pointing triangles negative slopes. The filled red and blue triangles are statistically significant at the 90% confidence levels. 
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Figure 6. Trends of maximum 5-day consecutive rainfall (RX5day) (mm/decade) for (a) June–July–August–September (b) June (c) July, (d) August, and (e) September respectively. Upward-pointing triangles indicate positive Theil–Sen slopes, and downward-pointing triangles negative slopes. The filled red and blue triangles are statistically significant at the 90% confidence levels. 
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Figure 7. Trends of the number of heavy rainfall days (R20mm) (days/decade) for (a) June–July–August–September (b) June (c) July, (d) August, and (e) September respectively. Upward-pointing triangles indicate positive Theil–Sen slopes, and downward-pointing triangles negative slopes. The filled red and blue triangles are statistically significant at the 90% confidence levels. 






Figure 7. Trends of the number of heavy rainfall days (R20mm) (days/decade) for (a) June–July–August–September (b) June (c) July, (d) August, and (e) September respectively. Upward-pointing triangles indicate positive Theil–Sen slopes, and downward-pointing triangles negative slopes. The filled red and blue triangles are statistically significant at the 90% confidence levels.
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Figure 8. Trends of daily rainfall intensity (SDII) (mm/day/decade) for (a) June–July–August–September (b) June (c) July, (d) August, and (e) September respectively. Upward-pointing triangles indicate positive Theil–Sen slopes, and downward-pointing triangles negative slopes. The filled red and blue triangles are statistically significant at the 90% confidence levels. 
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Figure 9. Trends of consecutive dry days (CDD) (days/decade) for (a) June–July–August–September (b) June (c) July, (d) August, and (e) September respectively. Upward-pointing triangles indicate positive Theil–Sen slopes, and downward-pointing triangles negative slopes. The filled red and blue triangles are statistically significant at the 90% confidence levels. 






Figure 9. Trends of consecutive dry days (CDD) (days/decade) for (a) June–July–August–September (b) June (c) July, (d) August, and (e) September respectively. Upward-pointing triangles indicate positive Theil–Sen slopes, and downward-pointing triangles negative slopes. The filled red and blue triangles are statistically significant at the 90% confidence levels.
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Figure 10. Anomalous rainfall extremes for June–July–August–September over the Guinea Coast and Sub-Sahel regions (a) total wet-day rainfall amount (PRCPTOT), (b) wet-day frequency (RR1), (c) maximum consecutive 5-day rainfall amount (RX5day), (d) number of heavy rainfall days (R20mm), (e) wet-day intensity (SDII), and (f) dry spell (CDD). The tiny lines indicate variations at the different station over the region, the black tick line indicates the seasonal average rainfall extremes for the Guinea Coast region while the green tick line indicates the variation over the Sub-Sahel region. The dotted lines show the trends in the anomalous rainfall extremes and p represents the p-value for the trend lines. 
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Figure 11. Anomalous rainfall extremes for June–July–August–September over the Nigeria Sahel region (a) total wet-day rainfall amount (PRCPTOT), (b) wet-day frequency (RR1), (c) maximum consecutive 5-day rainfall amount (RX5day), (d) number of heavy rainfall days (R20mm), (e) wet-day intensity (SDII), and (f) dry spell (CDD). The tiny lines indicate variations at the different station over the region, the black tick line indicates the regionally averaged rainfall extremes for the region. The dotted lines show the trends in the anomalous rainfall extremes and p represents the p-value for the trend lines. 
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Table 1. Definitions and units of rainfall indices used in this study.
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	ID
	Name
	Definitions
	Units





	PRCPTOT
	Total wet-day precipitation
	Total precipitation in wet days (RR ≥ 1 mm)
	mm



	RX5day
	Maximum consecutive 5-day precipitation
	Maximum consecutive 5-day precipitation
	mm



	SDII
	Simple daily intensity
	Average precipitation from wet-days
	mm/day



	RR1
	Wet days frequency
	Number of days with precipitation amount (RR ≥ 1 mm)
	days



	R20mm
	Very heavy precipitation days
	Number of very heavy precipitation days (RR ≥ 20 mm)
	days



	CDD
	Consecutive dry days
	Maximum number of consecutive dry days (RR ≤ 1 mm)
	days







RR is daily rainfall, wet day is when RR ≥ 1 mm, and dry day is when RR < 1 mm.
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Table 2. Trends of PRCPTOT (mm/decade), RR1 (days/decade), and RX5day (mm/decade) over Nigeria for June–July–August–September (JJAS), and the individual summer months, June, July, August, and September. The bold numbers are significant at 90% confidence level.
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Station

	
PRCPTOT

	
RR1

	
RX5day




	

	
JJAS

	
June

	
July

	
August

	
September

	
JJAS

	
June

	
July

	
August

	
September

	
JJAS

	
June

	
July

	
August

	
September






	
Asaba

	
5.17

	
0.80

	
12.2

	
23.5

	
−1.00

	
−0.50

	
−0.57

	
−1.00

	
−0.53

	
0.00

	
6.00

	
0.57

	
8.81

	
10.6

	
−1.52




	
Awka

	
5.17

	
0.80

	
12.2

	
23.5

	
−1.00

	
−0.50

	
−0.57

	
−1.00

	
−0.53

	
0.00

	
6.00

	
0.57

	
8.81

	
10.6

	
−1.52




	
Bauchi

	
−8.86

	
5.92

	
−47.4

	
−21.3

	
−0.95

	
−0.58

	
−0.67

	
−0.95

	
−0.83

	
0.00

	
−0.41

	
−0.76

	
−8.69

	
6.78

	
−0.73




	
Benin

	
12.2

	
10.1

	
1.53

	
13.0

	
−0.77

	
−0.23

	
−0.48

	
−0.77

	
−0.77

	
0.31

	
2.04

	
2.94

	
0.21

	
0.00

	
−5.18




	
Bida

	
5.42

	
0.60

	
−1.84

	
16.6

	
0.34

	
0.23

	
0.00

	
0.34

	
0.00

	
0.00

	
1.84

	
0.00

	
2.09

	
−0.63

	
7.38




	
Calabar

	
11.2

	
−24.8

	
30.6

	
39.3

	
0.31

	
−0.10

	
−0.37

	
0.31

	
0.00

	
0.00

	
1.60

	
−6.09

	
14.2

	
8.00

	
−5.72




	
Enugu

	
11.8

	
13.5

	
8.04

	
4.70

	
0.30

	
0.42

	
0.00

	
0.30

	
0.00

	
0.74

	
0.18

	
1.95

	
−1.71

	
1.37

	
4.64




	
Gombe

	
−3.00

	
−1.22

	
−26.3

	
5.46

	
−1.79

	
−1.00

	
−1.11

	
−1.79

	
−1.25

	
0.00

	
2.37

	
−0.93

	
−3.59

	
12.0

	
0.25




	
Gusau

	
−2.22

	
3.45

	
−5.60

	
7.42

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
−1.75

	
0.59

	
−4.79

	
6.55

	
−6.40




	
Ibadan

	
18.1

	
14.4

	
18.2

	
7.70

	
0.00

	
0.00

	
−0.45

	
0.00

	
0.00

	
0.42

	
9.16

	
5.60

	
11.2

	
4.47

	
10.8




	
Ijebu-ode

	
21.4

	
25.2

	
16.3

	
4.27

	
0.00

	
0.36

	
0.00

	
0.00

	
0.00

	
0.63

	
8.89

	
8.07

	
12.00

	
1.81

	
13.9




	
Ikeja

	
5.61

	
45.9

	
22.4

	
4.57

	
2.31

	
0.23

	
2.41

	
2.31

	
0.86

	
2.50

	
0.58

	
15.9

	
11.83

	
4.40

	
13.0




	
Ikom

	
28.6

	
29.3

	
−9.20

	
4.08

	
0.88

	
1.96

	
1.05

	
0.88

	
0.53

	
0.00

	
12.3

	
12.0

	
−3.62

	
1.20

	
0.21




	
Iseyin

	
9.15

	
8.71

	
8.78

	
14.0

	
0.44

	
0.56

	
0.50

	
0.44

	
0.43

	
0.57

	
2.43

	
−3.84

	
5.04

	
0.76

	
4.00




	
Lokoja

	
7.56

	
3.73

	
18.3

	
14.5

	
0.00

	
0.39

	
0.83

	
0.00

	
0.00

	
0.00

	
3.23

	
1.52

	
5.40

	
7.36

	
−2.92




	
Maiduguri

	
19.5

	
7.54

	
20.3

	
34.6

	
0.43

	
0.45

	
0.00

	
0.43

	
1.07

	
0.00

	
9.35

	
4.83

	
7.85

	
16.2

	
6.29
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Table 3. Trends in R20mm (days/decade), SDII (mm/day/decade), and CDD (days/decade) over Nigeria for June–July–August–September (JJAS), and the individual summer months, June, July, August, and September. The bold numbers are significant at 90% confidence level.
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Station

	
R20mm

	
SDII

	
CDD




	

	
JJAS

	
June

	
July

	
August

	
September

	
JJAS

	
June

	
July

	
August

	
September

	
JJAS

	
June

	
July

	
August

	
September






	
Asaba

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.85

	
0.82

	
1.63

	
1.93

	
0.06

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Awka

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.85

	
0.82

	
1.63

	
1.93

	
0.06

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Bauchi

	
−0.65

	
−0.42

	
−1.15

	
−0.37

	
0.00

	
1.00

	
1.54

	
−0.82

	
0.72

	
2.12

	
0.25

	
0.30

	
0.00

	
0.00

	
0.00




	
Benin

	
0.31

	
0.48

	
0.00

	
0.00

	
0.00

	
1.13

	
1.19

	
0.66

	
1.15

	
0.29

	
0.14

	
0.00

	
0.00
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